The regulation of an elicitor-inducible sesquiterpene cyclase in tobacco (Nicotiana tabacum) cell suspension cultures was investigated. Sesquiterpene cyclase activity was absent from control cell cultures but induced to a maximum within 15 hours of cellulase addition to the cell cultures. When fungal elicitors are added to tobacco cell suspension cultures, the cultures cease sterol accumulation and instead synthesize and secrete sesquiterpenoids (23, 25) . Previous work correlated the decline in sterol biosynthesis with a suppression of squalene synthetase enzyme activity, and the induction of sesquiterpenoid biosynthesis with an induction of a sesquiterpene cyclase enzyme activity (23, 25) . Because these two enzymes are positioned at a putative branch point in the isoprenoid biosynthetic pathway, the induction of one enzyme and the suppression of the other were interpreted as an important mechanism controlling carbon flow and hence, end product formation (25). This simplistic model assumed that FPP3 was equally available to both enzymes and that sesquiterpenoid and sterol biosynthesis were not localized to different subcellular compartments.
cultures into immunoprecipitable cyclase protein, and the cyclase mRNA translational activity, measured as the incorporation of
[35S]methionine into immunoprecipitable cyclase protein synthesized by in vitro translation of isolated RNA, were maximal at that time when the increase in cyclase enzyme activity was maximal. Using thiouridine to selectively label and isolate de novo synthesized mRNA, the in vitro translation products encoded by the newly synthesized RNA from elicitor-treated, but not control, cell cultures contained immunoprecipitable cyclase protein. These results suggest that the induction of the sesquiterpene cyclase in elicitor-treated cell cultures is primarily regulated by transcriptional control of the cyclase gene.
When fungal elicitors are added to tobacco cell suspension cultures, the cultures cease sterol accumulation and instead synthesize and secrete sesquiterpenoids (23, 25) . Previous work correlated the decline in sterol biosynthesis with a suppression of squalene synthetase enzyme activity, and the induction of sesquiterpenoid biosynthesis with an induction of a sesquiterpene cyclase enzyme activity (23, 25) . Because these two enzymes are positioned at a putative branch point in the isoprenoid biosynthetic pathway, the induction of one enzyme and the suppression of the other were interpreted as an important mechanism controlling carbon flow and hence, end product formation (25) . This which 70 to 80% of the methionine was taken up, cells were collected by filtration and frozen. Extracts were prepared as described above for the cyclase enzyme assay. Protein content and cyclase enzyme activity were determined, and the amount of radioactivity incorporated was determined by TCA precipitation. About 4 to 6% of the radioactivity taken up by either control or cellulase-treated cell cultures was incorporated into TCA-precipitable material. Equal amounts of incorporated radioactivity (-100,000 dpm) were analyzed directly by SDS-PAGE/fluorography (3, 13) and used to determine the amount of radioactivity incorporated into immunoprecipitable cyclase protein.
RNA Isolation and In Vitro Translation
Total RNA was isolated according to the method of Mohnen et al. (19) modified by Vogeli-Lange et al. (27) . Twelve micrograms of total RNA were used in a 15 ML in vitro translation assay (rabbit reticulocyte lysate; Amersham) containing 10 MCi of [35S]methionine. The incorporation of radioactivity into TCA-precipitable material was determined in 1-ML aliquots. Samples containing equal amounts of TCAprecipitable radioactivity (-100,000 dpm) were used for immunoprecipitations and analysis of the in vitro translation products by SDS-PAGE/fluorography (3, 13) .
In Vivo Labeling of RNA with Thiouridine and [3H]Uridine
Control cell cultures and cultures treated with cellulase for 2 h were used for these in vivo labeling studies. 4-Thiouridine at 1 mm and [3H]uridine at 0.03 ,M were added to the cultures for an additional 2 h incubation. Total RNA was isolated from the cell cultures as described above. The newly synthesized, thiouridine/[3H]uridine containing RNA was isolated according to the method of Woodford et al. (30) . Briefly, 1 mg of total RNA was adjusted to 50 mM sodium acetate (pH 5.5), 0.1% SDS, 0.15 M NaCl, and 4 mm EDTA (buffer A). After denaturing of the RNA at 65°C for 10 min, the RNA was chilled on ice and incubated with 1.5 mL of packed Affigel 501 (Bio-Rad) for 2 h at room temperature. The slurry was poured into a syringe, washed with S volumes of buffer A followed by 5 volumes of buffer A containing 0.5 M NaCl to remove nonspecifically bound RNA. The thiouridine-labeled RNA was eluted with buffer A containing 10 mM f3-mercaptoethanol. Fractions with the highest radioactivity were pooled and concentrated by ethanol precipitation. The efficiency of the selection for newly synthesized RNA was determined by comparing the specific radioactivity of the total RNA with the specific radioactivity of the eluted RNA. The proportion of cyclase mRNA translational activity in the nonthiouridine and thiouridine RNA populations was determined by in vitro translation/immunoprecipitation analysis.
Immunological Techniques
Immunoblot analysis of proteins separated by SDS-PAGE was described previously (15, 24, 26) . Specific immunoprecipitation of the radioactive cyclase protein produced in vivo or in vitro was similar to that of Mohnen et al. (19) . In a typical experiment, the same amount ofTCA-precipitable radioactivity from each sample was subjected to immunoprecipitation analysis. The amount of antisera required for maximal precipitation efficiency was determined previously. The immunoprecipitations were analyzed by SDS-PAGE/fluorography (19) . To quantify the radioactivity in an immunoprecipitate, an aliquot was counted directly in a scintillation counter. To correct for background, the value obtained with a preimmune serum was subtracted. Determining the amount of radioactivity associated with the cyclase protein resolved by SDS-gel electrophoresis of the immunoprecipitates gave identical results to directly counting aliquots of the immunoprecipitates.
Each experiment was repeated several times, and results of a representative experiment are shown. The relative trends were highly reproducible from experiment to experiment. For cyclase polypeptide level was estimated to be approximately 0.15 to 0.3% of the total soluble protein when the enzyme activity was maximal.
De Novo Synthesis of the Cyclase Protein
At various times after initiation of the cellulase treatment, control and cellulase-treated cultures were incubated for an additional 2-h interval with [35S]methionine, and extracts of the in vivo synthesized proteins prepared. To determine if the cyclase protein was de novo synthesized, aliquots of the in vivo labeled proteins were challenged with cyclase antibodies, and the immunoprecipitates were evaluated by SDS-PAGE/ fluorography (Fig. 2B) . Incorporation of radioactivity into aliquots of the immunoprecipitates was also quantified, and those values were compared with the changes in cyclase . example, the maximal cyclase mRNA translational activity was always found 5 to 6 h after cellulase addition, even though the absolute amount of the translational activity varied 20 to 30% between independent experiments. RESULTS AND DISCUSSION Induction of the Cyclase Enzyme Activity and Polypeptide Time courses for the induction of the cyclase enzyme activity and the absolute level of the cyclase protein in cellulase-treated cell cultures are shown in Figure 1 . As reported previously (26) , no cyclase enzyme activity was detectable in control cell cultures. However, the enzyme activity increased sharply in the cellulase-treated cell cultures after a 2-h lag, reached a maximum 12 to 14 h later, and remained at that level for the next 40 h. The induction of the cyclase enzyme activity was paralleled by an accumulation of the cyclase polypeptide(s) (Fig. I B) Figure   1 . Hence, the sesquiterpene cyclase enzyme activity ([1) was as measured in Figure 1A . To gain a broader understanding of the response of the cell cultures to the cellulase treatment, changes in the pattern of the total de novo synthesized proteins were also investigated by SDS-PAGE/fluorography (Fig. 3) . The proteins synthesized in the cellulase-treated cultures were similar to those in the control cell cultures over the duration of the experiment (greater than 38 h). Nonetheless, induction and suppression in the apparent synthesis rates of a few polypeptides were noted. For example, the synthesis rates of polypeptides approximately 33, 42, 44, and 72 kD were induced, whereas the synthesis rates of a 52 and 68 kD polypeptide were suppressed. Furthermore, these changes did not occur coordinately; some were observed within 4 h of cellulase treatment, whereas others did not occur until after 12 h of cellulase treatment.
And, although the changes noted here are consistent with cyclase mRNA translational activity was observed with RNA from cellulase-treated cell cultures. The time-course change in the cyclase mRNA translational activity was very similar to that observed for the in vivo labeling of cyclase protein (compare Figs. 2A and 4A) . At that time when cyclase mRNA translational activity was maximal, 5 to 6 h after cellulase addition to the cell cultures, incorporation of radioactivity into the cyclase protein accounted for 2 to 3% of the total incorporation into in vitro translation products.
To determine if the changes in the in vivo synthesized proteins by the cellulase-treated cell cultures observed in Figure 3 were a reflection of a changing mRNA population, total RNA isolated from control and cellulase-treated cell cultures was translated in vitro in the presence of [35S]methionine, and the pattern of in vitro synthesized proteins compared by SDS-PAGE/fluorography (Fig. 5) . Similar to the findings of the in vivo synthesis experiment, the overall patterns of the in vitro synthesized proteins were very similar between control and cellulase-treated cell cultures. However, several translation products appeared in greater abundance and a few in lower abundance at various times after cellulase treatment.
Cyclase mRNA is De Novo Synthesized
To determine whether the cyclase mRNA might be present in control cells in a translational inactive state, or de novo synthesized by cells in response to cellulase treatment, an indirect measurement of the in vivo synthesis rate of the cyclase mRNA was made. In brief, pre-existing and de novo synthesized RNA were distinguished from one another by pulse-labeling cells with thiouridine, isolating total RNA, and then separating the thiouridine-containing (de novo synthesized) RNA from the non-thiouridine containing (pre-existing) RNA by phenylmercury chromatography. The pre-existing and thiouridine-containing RNAs were then translated in vitro in the presence of [35S]methionine, and the in vitro translation products were assessed for [35S]methionine incorporation into immunoprecipitable cyclase protein.
The results of such an experiment are shown in Figure 6 . Both control and 2-h cellulase-treated cell cultures were incubated an additional 2 h with [3H]uridine and thiouridine before isolating total RNA. The newly synthesized, thiosubstituted RNA was separated from pre-existing RNA by phenylmercury chromatography, and the distribution of [3H] uridine incorporation was determined to estimate the efficiency of the affinity chromatography step. One cycle of phenylmercury affinity chromatography efficiently separated the newly synthesized RNA from the pre-existing RNA; the specific radioactivity of the RNA retained by the column (newly synthesized), representing about 1 to 2.5% of the total RNA, was at least 70-fold higher than in the RNA that did not bind to the phenylmercury matrix (pre-existing; Fig. 6C ). More than 75% of the radioactivity recovered was associated with the newly synthesized RNA fraction, and a comparison of the specific radioactivity of the newly synthesized RNA to the initial RNA loaded onto the phenylmercury affinity column indicated a 14-fold enrichment for the RNA synthesized during the 2-h labeling period.
To determine how the cyclase mRNA segregated in the ; 0 fr r fl Figure 5 . Comparison of the total in vitro translation products produced by RNAs isolated from control and cellulase-treated cell suspension cultures. Aliquots of equal TCA-precipitable radioactivity from the in vitro translations described in Figure 4 were separated by SDS-PAGE, and the radioactive proteins visualized by fluorography. *, Region of the gel corresponding to the mol wt of the sesquiterpene cyclase protein.
various RNA fractions, the in vitro translational activity of each fraction for the cyclase polypeptide was measured. In contrast to the findings of Cramer et al. (6) Fig. 6 ), nor did it induce the cyclase translational activity (odd lanes). Thiouridine-labeled RNA from cellulase-treated cell cultures, but not labeled RNA from control cell cultures, contained translationally active cyclase mRNA (Fig. 6 , compare lanes 5 and 6). For the newly synthesized RNA from the cellulase-treated cells, immunoprecipitable cyclase accounted for 2.4 to 2.8% of the [35S]methionine incorporated in an in vitro translation. For comparison, the RNA from cellulasetreated cell cultures that did not bind to the affinity column (pre-existing RNA) contained 3 times less cyclase translational activity (Fig. 6, lane 4) . This was not unexpected. During the first 2 h after addition of cellulase to the cell cultures, cyclase mRNA would be expected to accumulate, albeit at a much lower rate than observed during the thiouridine labeling period, 2 to 4 h after addition of cellulase. Thus, the RNA isolated from the cellulase-treated cells would be expected to contain a pool of pre-existing cyclase mRNA. In fact, RNA [3H]Uridine and thiouridine were added to control (lanes 3, 5, 7) and cellulase-treated (lanes 4, 6, 8) isolated from 2-h cellulase-treated cell cultures contained a similar amount of translationally active cyclase mRNA (Fig.  6, lane 2) as that found associated with the pre-existing RNA fraction from the thiouridine-labeled, induced cells (Fig. 6,  lane 4) . No translationally active cyclase mRNA bound nonspecifically to the affinity column, nor did the chromatography step alter the cyclase translational activity (in Fig. 6 , compare lanes 9 and 10).
CONCLUSIONS
Tobacco cell suspension cultures respond to elicitor treatment by the induction of a limited number of proteins. One of the induced proteins has been identified as a sesquiterpene cyclase, an enzyme that catalyzes a reaction committing carbon to the production of extracellular, antimicrobial sesquiterpenoids (25, 29) . As previously discussed, an additional physiological consequence of this induction is the possible diversion of carbon from the general isoprenoid biosynthetic pathway, and hence, the depletion of isoprenoids necessary for actively growing cells, such as sterols (23, 25) . The current results have demonstrated that: (a) the induced sesquiterpene cyclase enzyme activity is correlated with the absolute amount of the cyclase protein; (b) the induced sesquiterpene cyclase is de novo synthesized; (c) the changes in the de novo synthesis rate of the cyclase protein are correlated with changes in the cyclase mRNA translational activity; and (d) by the thiouridine-labeling technique, that the cyclase mRNA is de novo synthesized. Because the validity of the thiouridine-labeling technique as a measure of the transcription rate of a gene has been verified (6, 30) , we conclude that the induction of the sesquiterpene cyclase enzyme activity in elicitor-treated tobacco cell suspension cultures is primarily regulated by transcriptional control of the cyclase gene.
Comparison of the present findings to the regulation of phytoalexin biosynthesis in other systems reveals similarities in the mechanism of control. Transcriptional control for inducibility of many of the enzymes of the phenylpropanoid phytoalexin pathway in parsley (17) and french bean (14) , as well as casbene synthetase (16) , a commitment enzyme for diterpene phytoalexin biosynthesis in castor bean, has been established by nuclear run-off experiments. Furthermore, the DNA sequences 5' to the chalcone synthase gene from bean have proven sufficient to confer elicitor inducibility onto a heterologous gene (8) . Whether similar DNA sequences control the transcriptional rate of genes coding for enzymes of the isoprenoid phytoalexin biosynthetic pathways remains to be determined.
